INTRODUCTION
High spectral efficiency is the goal for all communication society. Different multiplexing and modulation schemes are developed to increase the spectral efficiency of communication systems. Shannon's law states that the highest obtainable errorfree data speed, is a function of the bandwidth and the signal-to-noise ratio [1] . In communication systems, medium impairment factors, coding schemes, 978-1-4244-2315-6/08/$25.00 ©2008 IEEE.
architecture of modulation formats and multiplexing techniques are the favorite targets of investigations towards achieving Shannon's limit [1] . In optical communication system, however, invention of wavelength division multiplexing (WDM) [2] contributes grate efficiency, but still it is quite far to get the electrical communication systems efficiency [3] . In WDM systems, only one user can transmit data over a single carrier. Several methods have been proposed to improver that efficiency, which combining WDM with time division multiplexing (TDM) is the most commonly used technique in practice [4, 5] . In this method, different users share a single optical carrier by signing each user at different time slot, resulting shorter pulse width. Thus, a high speed multiplexer and demultiplexer is required for these systems. At higher data rate, clock recovery becomes a big challenge [6, 7] and also, very high speed electronic component is required for multiplexer circuits, which results a complicated and costly system. Realizing these problems, duty cycle division multiplexing (DCDM) is proposed in this paper as an alternative multiplexing technique. In this technique, different users can share communication media and transmit data simultaneously by using the same frequency band but each user signed with different duty cycle. The proposed technique also has an inherent property which allows for better clock recovery (however, this is not within the scope of this paper). However, this technique can be implemented in both wireless and wired communication systems, but in this paper, DCDM technique is implemented in an optical communication link with a setup as shown in Figure 2 . Although the setup uses only a single wavelength channel, the system can be easily duplicated for other wavelengths to represent a WDM system. However, this is only relevant when the maximum number of DCDM channels per user has been reached, while a larger bandwidth is still required.
Based on our knowledge, it is the first time a novel multiplexing technique based on return-to-zero (RZ) duty cycles, which allows signal multiplexing and demultiplexing to be performed economically in the electrical domain. By using amplitude modulation and a capacity of 3 x 10 Gb/s is achieved by using 10 GHz transmitter and receiver. This achievement shows that DCDM can become a potential alternative to increase the transmission capacity tremendously. 
WORKING PRINCIPLE
where n represents the number of multiplexing users. By having the knowledge about this uniqueness, the original data for each user can be easily distinguished and recovered at the receiver side, by taking 1 sample per slot (except the last slot which considered as guard band).
This technique allows for automatic bit error detection, based on the sequence of sampled amplitudes per symbol duration. For the case of multiplexing n users, the 1st sample (taken from the 1st slot), has n+1 possible levels, the 2 nd sample (taken from the 2nd slot), has n possible levels, the nth sample (taken from the nth slot), has 2 possible levels (0 or A volts). Furthermore, the proposed technique has an inherent property which allows for better clock recovery. This is due to the transitions at the starting and mid-point of each symbol. Thus, extra symbol synchronization is not needed and even it allows the clock recovery and sampling process to be done at the symbol rate. 
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B~f thrl~82<thr2)~83< thr1) hen U50%=1 Case:3,4 if 82~thr2)~83> thr 1 ) hen U50%=1 Case (b) show the back-to-back receiver sensitivity and OSNR of the proposed system respectively for all the three channels running at 10 Gb/s per channel. It has compared with 10 Gb/s RZ pulse coding because, based on [5] , RZ format is preferable, particularly for long-haul high-speed WDM transmission system. It has several advantages in receiver sensitivity [9] polarization mode dispersion [10] , nonlinear tolerance and clock recovery in compared with NRZ [11] . In DCDM system, the user with 25% (U25%), 50% (U50%) and 75% (U75%) duty cycle has the worst to best receiver sensitivity of around -23.2, -24.9 and -30.1 dBm at BER of respectively. In comparison to single user TDM system, whose receiver sensitivity is around -37.2
At the receiver side, the optical signal is detected by a PIN photodiode and passed through a low pass filter (LPF) and a clock and data recovery (CDR) unit. The Gaussian low pass filter is set at 0.75 of the null-tonull bandwidth. In the CDR unit (Figure 2(c) ), the clock recovery circuit has an external clock which oscillates at the frequency equal with the symbol rate. The oscillator will be resynchronized with each rising edge of the input signal. Three sampling circuits are synchronized with the recovered clock. By putting an appropriate delay lines [8] for each of the samplers as shown in Figure 2( 
RESULT AND DISCUSSION
Parameters of system level testing such as back-toback receiver sensitivity, optical signal-to-noise ratio (OSNR), chromatic dispersion (CD) and system bit rate have been simulated in this study. These parameters are evaluated with bit error rate (BER) measurement. BER is calculated based on the probability of error (PE) calculated from eye diagram (Figure 2 (b) ). Accuracy of the PE method is compared with the other method of BER measurement, bit-to-bit (B-B) comparison. For this purpose, a simulation setup has been fixed to calculate the BER versus receiver sensitivity without pre-amplifier using those two methods. In the B-B comparison method, because of the software limitation, 20 x (2 16 -1) PRBS data have been transmitted. Results of the two methods are compared for each user. Figure 3 (a), (b) and (c) show comparison results of user with 25, 50 and 75% duty cycle respectively. BER in both methods is almost similar at the higher BER value for all users. In the lower BER value, using PE method, performance of system is worst than the B-B comparison method. This confirms that, the PE method that is used for this system can be sued for measuring the BER however, it represent performance of this system a bit worst that what it really is. Thus, all other BER in this paper are calculated based on the PE method.
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-100 Figure 5 . Chromatic dispersion tolerance comparison between DCDM and RZ at the same transmission power Figure 6 shows the power penalty experienced with reference to the dispersion at fixed BER of 10-9 • It is shown that 3 x 10 Gb/s TDM over DCDM suffers less dispersion penalty as compared to conventional 30 Gb/s TDM. By increasing 5 ps/nm of system dispersion, the penalty of around 1.1 dB (worst user) is experienced by the 3 x 10 Gb/s TDM over DCDM as compared to a huge penalty in 30 Gb/s TDM system. This results show that, utilizing DCDM technique in long haul WDM system does not requires very accurate dispersion compensator (DC) system. It allows a higher tolerance for the DC systems.
The studies were also performed at other transmission speeds (per user) of 2.5, 25 and 40 Gb/s. The results for the worst performing user (U25%) are given in Figure 7 . With reference to 10 Gb/s, for preamplified receiver sensitivity, in 2.5 Gb/s system power requirement can be relaxed up to 6.3 dB. Migrating from 10 Gb/s to 25 and 40 Gb/s increases the power requirement of around 4.2 dB and 6.4 dB respectively. By the same token, OSNR of 5.1 dB less is required for 2.5 Gb/s system, while 3.4 dB and 5.2 dB increment are needed for 25 and 40 Gb/s respectively. These results confirm the ability of the DCDM to become an alternative multiplexing technique to support 40 Gb/s system (aggregated speed of 120 Gb/s) per WDM channel. dBm, multiplexing three TDM channels using DCDM causes power penalty of around 7, 12.4 and 14 dB to U75%, U50% and U25% respectively. Figure 4(b) shows the OSNR of all DCDM users. The minimum OSNR required to achieve BER of 10-9 is 29.4, 27.5 and 22.3 dB for U25%, U50% and U75%. It is obvious that, multilevel signaling has an intrinsic receiver sensitivity and SNR penalty due to the fragmentation of the main eye to several smaller eyes [12] (Figure  2(b) ). This is reported in [12] that the fundamental quantum noise limit is worse for 4-ary amplitude shift keying (ASK) compared with on-off keying (OOK). Figure 5 shows the effect of chromatic dispersion on the performance of 30 Gb/s TDM without DCDM and 3 x 10 Gb/s with DCDM which are tested at the same transmitted power. In DCDM technique, all users show almost similar behavior at positive and negative chromatic dispersions. U25%, U50% and U75% can tolerate chromatic dispersion of ±96, ±99 and ±140 ps/nm at BER of 10-9 respectively. For the 30 Gb/s RZ, the dispersion tolerance is around ±89 ps/nm. This result shows that, the 30 Gb/s DCDM is more robust to dispersion in comparison with 30 Gb/s single channel TDM. This is deu to the reduced spectral occupancy [12] in DCDM technique. It requires (1 + n)/(2 x n) less null-to-null bandwidth than that RZ technique. Although, advantage of the spectral efficiency can not be realized without high-order optical filtering [12, 13] . 
CONCLUSION
The principle of the DCDM technique has been discussed in this paper. Data from different users (distinguished by different duty cycles) are carried over the same optical wavelength. Performance of DCDM was examined with back-to-back receiver sensitivity, OSNR, chromatic dispersion, launched power against system dispersion and different data rates. Based on the results, with an acceptable power penalty for DCDM in receiver sensitivity and OSNR, it can support higher amount of dispersion tolerance than
